Introduction
Natural hierarchical organization at the nanolevel scale has been inspiring materials scientists in the design of novel nanofiber biomaterials for improving functionality and mechanical performance. The production of nanofibers from biopolymer solutions has gained a great deal of attention for biomedical uses, since the high-porosity electrospun mats that are formed by ultrafine fibers with a high specific surface can mimic the structure of native extracellular matrices (ECMs). Furthermore, interactions between cells and an ECM are crucial to cellular differentiation and in modulation of cell function. [1, 2] The electrospinning technique has been recognized as an efficient, rapid and inexpensive method of manufacturing nanoscale fibrous structures for a number of biomedical applications. [3, 4] In the electrospinning process, a high voltage is applied to create electrically-charged jets of a polymer solution. As the conical jet of polymer fluid propagates through the air, the solvent evaporates and nanofibers are collected on the target as a nonwoven matrix. [2, 3] This technique has been utilized to generate nonwoven mats of nanometer-sized fibers from biopolymers. [5] [6] [7] [8] [9] [10] [11] Among them, silk fibroin (SF), the natural biomacromolecule spun by the Bombyx mori silkworm has been used in the preparation of matrices (for example, tissue-engineered scaffolds, films, nanofibers) for a range of biomedical applications, due to its unique properties such as good biocompatibility, good oxygen and watervapor permeability and minimal inflammatory reac-tion. [9, 10, [12] [13] [14] [15] Nonwoven matrices of electrospun nanofibers have been obtained from a regenerated SF solution using different spinning solvents. [9] [10] [11] 16, 17] However, electrospun SF nanofibers as well as others types of SF matrix, such as films, are water soluble and should be treated with an aqueous alcohol solution [13, 15, 17] or with water vapor [11] to enhance their crystallinity and stability in the presence of water. The main objective of this work was to obtain modified SF nanofibers stable in an aqueous environment, in a single processing step. This paper reports the first attempt to use genipin (GE) to modify regenerated SF solutions for the electrospinning process. Actually, genipin is considered a natural cross-linking agent with a lower cytotoxicity as compared with alternative cross-linkers such as glutaraldehyde. [18] It has been reported that genipin binds with biological tissues [19, 20] and biopolymers, [18, 21] leading to matrices with good mechanical properties, reduced swelling extent and good biocompatibility. Our aim was to investigate the effect of the addition of genipin to SF solutions on the processability, morphology and stability of electrospun fibroin nets. In fact, an increase of both the water-resistant ability and the mechanical performance of the resulting silk nanofibrous membranes could facilitate their practical applications. Properties of GE added fibroin solutions, structural changes and the morphological features of electrospun SFGE nanofibers were examined using rheological measurements, attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and scanning electronic microscopy (SEM).
Experimental Part Materials
Silk from cocoons of Bombyx mori was kindly provided from Cooperativa Socio Lario, Como, Italy. Genipin (GE) was a product of Wako Chemicals, USA. All of the other chemicals were reagent grade and used as received.
Preparation of Silk Fibroin
Silk from cocoons of Bombyx mori was first degummed in order to remove sericins. Degumming was achieved by boiling the silk filaments for 1 h in water containing 1.1 g Á L À1 of Na 2 CO 3 (anhydrous) and then for 30 min in water with 0.4 g Á L
À1
of Na 2 CO 3 . Finally, the resulting fibroin filaments were extensively rinsed in hot distilled water and dried in the air at room temperature. To prepare solutions to be used in the preparation of the materials, fibroin was dissolved in 9.3 M LiBr overnight at 65 8C.
The solution was then dialyzed in a Slide-A-Lyzer Cassette (Pierce), (molecular-weight cut-off (MWCO) ¼ 3 500 Da) against distilled water for 3 d at room temperature. The water was changed every 2 h. After that, the silk fibroin water solution was frozen in liquid nitrogen and lyophilized to obtain pure fibroin powder. The amino-acid composition of silk fibroin was obtained by HPLC analysis.
Preparation of Spinning Silk-Fibroin Solution
Regenerated silk fibroin (SF) dissolved in neat formic acid at concentration of 12 wt.-% was used. Genipin powder (12%, related to the total weight of fibroin in solution, that is, 6.29 Â 10 À3 M) was added to the silk-fibroin solution under stirring conditions for 5 min at room temperature until complete dissolution. The system was maintained under stirring for a predetermined time (2, 15 and 24 h) at 37 8C and then the conductivities of the solutions were measured using a 525 CRISON conductimeter instrument. Subsequently, the SF solutions were submitted to the electrospinning process. The identification of the modified SF solutions was SFGEX, where GE and X indicate genipin and the reaction time, respectively. As control materials, SF and SFGE films were also prepared by casting the solutions on Petri dishes. After casting, the films were dried at room temperature for at least two days before any further use.
Production of Nanonetworks by the Electrospinning Process
In the experimental electrospinning, the SF solution was loaded into a 20 mL syringe and a needle was attached. The positive electrode of a high-voltage power supply (Gamma High Voltage Research Inc.) was directly connected to the needle to charge the spinning drop of protein solution, and the negative electrode was clipped in the down part of the system. The syringe was placed on an automatic syringe pump to maintain a constant volume-flow rate. The electric potential, solution flow rate, and the distance between the needle tip and the aluminium foil were adjusted till a stable jet was obtained. The operating parameters selected to produce the nanofibers were the following: voltage ¼ 21 kV, flow rate ¼ 0.005 mL Á min À1 , distance between the needle tip and the target (aluminium foil set at ground voltage) ¼ 10 cm and room temperature. The entire apparatus was mounted under a hood and nitrogen gas was insufflated continuously around the system during the electrospinning process to control the humidity, which was regulated to a range of 20-30%. After preparation, all of the samples were dried in vacuum for 1 week prior the analysis.
Characterization
Rheological measurements were carried out on Advanced Rheometric Expansion System (ARES, Shear Strain Controlled). The geometry was a stainless-steel plate/plate (diameter 2 mm and gap 0.4 mm). The plate was equipped with a solvent trap to reduce evaporation during measurement Dynamic rheological tests (time sweep) at frequency of 5 rad Á s À1 and strain of 5% were used to characterize the behavior of the solution before and after addition of genipin at 37 8C. The electrospun nanofiber morphology was observed under a scanning electron microscope (SEM) (Cambridge Stereoscan 100) operated at an acceleration voltage of 10 kV. In the SEM photos, the fiber diameters of the nanofibrous membranes were analyzed using the ImageJ image-visualization software developed by the National Institute of Health (http://rsb.info.nih.gov/).
The mats obtained by electrospinning were cut into squares of 2 Â 2 cm and immersed in distilled water at 37 8C for 8 d to test their dissolution/stability.
The infrared spectra of SF and SFGE nanofibers and films were obtained using Perkin Elmer and Bio-rad FTS6000 spectrometers, respectively, in the spectral region of 4 000-650 cm À1 . Curve fitting of the bands was performed with the ORIGIN 1 (OriginLab Corporation, MA, USA) software: Gaussian bands shapes were employed in this procedure. Curve-fitting was limited to the 1 580-1 720 cm À1 spectrum range, since the protein structure (contributions of the second and third vibration) can be identified in this range. [22, 23] Results and Discussion
Silk-Fibroin-Solution Characterization
Amino-acid composition of the fibroin used in this work was assessed by HPLC analysis. The silk-fibroin molecule was formed mainly of glycine (46.7%), alanine (31.4%), and serine (8.5%). Prior to the preparation of nonwoven silk-fibroin mats by electrospinning, the behavior of the silk fibroin solutions after addition of genipin was examined by rheology measurements ( Figure 1A ). Both the storage shear modulus, G 0 (t), and loss shear modulus, G 00 (t), were found to increase with time, until G 0 became greater than G 00 due to formation of a protein network structure. The gel point, defined when G 0 ¼ G 00 , was observed after 3.5 min. However, the stiffness of the gel kept increasing for longer times. Based on such results, SF solutions were electrospun 2, 15 and 24 h after preparation. Furthermore, dynamic time-sweep studies were performed on these SF and SFGE solutions. The rheological data of all of the SF solutions showed that G 0 (t), G 00 (t) and h 0 (t) values increase with time ( Figure 1(B-D) ). This effect could be due to a slight gelation of the fibroin solution induced by the applied shear stress, a phenomenon well known for fibroin solutions. Moreover, values of G 0 (t), G 00 (t) and h 0 (t) were higher for the SFGE15 solution as compared with SFGE24, thus indicating the occurrence of some degradation at higher times. The electrical conductivities of the SFGE solutions were higher than that of the regenerated SF solution (Table 1) .
Genipin-Modified Silk-Fibroin Nanometric Nets The higher conductivity, resulting in more charges accumulated in the electrospinning jet, associated with the viscoelastic behavior of the modified SF solutions, promoted the formation of a more-stable jet and the production of nanofibers with smaller average diameters ( Figure 2 ). Nevertheless, SF nanofibers were obtained only when the humidity of the system was controlled in the range of 20-30%, using nitrogen gas. Higher humidity, in fact, could slow down solvent evaporation, thus hindering the formation of nanofibers. [3] Morphological Characterization SEM micrographs (Figure 2) show that as-spun SF and SFGE nanofibers were randomly distributed in the mats with an average fiber diameter that varied from 140 to 590 nm (Table 1) . Also, the morphology of the SF nanofibers changed from a uniform fiber structure (Figure 2 (A1-C1)) to fibers linked together with beads ( Figure 2D1 ). The high conductivity of the SFGE solutions (Table 1 ) might increase the stretching of the polymer solution during electrospinning, thus resulting in small-diameter fibers. [3] It is evident that the properties of the SFGE solutions (viscosity, conductivity) had a clear influence on both the morphology and the average diameter of the resulting fibers. Additionally, it is known that genipin reacts with amino acids or proteins to form dark-blue pigments. [19] After mixing, the color of SFGE solutions changed gradually from a transparent pale rose to dark red (Table 1) , thus indicating the progress of the reaction between the SF and GE. This fact also suggests that the reaction mechanism involving genipin and silk fibroin with formic acid as a solvent may be different to those reported in the literature. [18, 24] The water-stability of the SF nanofibers prepared with different reaction times (2, 15 and 24 h) was evaluated through immersion of the nonwoven nets in distilled water at 37 8C for 8 d. As expected, the SF nanofibers without any stabilization post-treatment ( Figure 3A1 ), lost their integrity, as reported in others studies. [11] Fibers at junctions were fused together forming agglomerates on the surface ( Figure 3A1 ), probably due the gradual dissolution of the material. Compared with the SF nanofibers, SFGE2 preserved its original fibrous form ( Figure 3B1 ). Of all the fibers, SFGE15 showed the highest stability in water, with a small increase of the fiber diameter ( Figure 3C1 , Table 1 ). The interaction mechanism of genipin with silk fibroin is currently unknown; some authors [20] have reported that genipin reacts preferentially with the amino acids, lysine and arginine, of proteins. In our studies, the fibroin chain contains those amino acids in a very low percentage (lysine -0.6% and arginine -0.6%), mainly in the hydrophilic blocks. For this reason, the reaction kinetics should be reasonably slow, but efficient enough to render the system stable in water.
FTIR-Spectroscopy Results
Fibroin protein exists in three conformations, namely random coil, silk I (a-form), and silk II (b-sheet conformation). SF in formic acid exhibits the random-coil conformation, similar to the aqueous SF solution. [25] It is hypothesized that the SF molecules could structurally rearrange due to changes in the hydrogen bonding caused by the presence of the genipin, as well as by the processing effect. In order to evaluate the effect of genipin on the final conformation of fibroin, FTIR spectra of SF and SFGE nanofibers and films were acquired (see Figure 4) . Even though new peaks did not appear after the reaction, structural changes can be revealed by analyzing the peaks due to amide I (C --O stretching) and II (N-H deformation) in the spectra (Figure 4a and 4b) . Comparing the spectra acquired for both samples, the amide I (1 640-1 620 cm
À1
) and amide II (1 529-1 517 cm À1 ) bands, which are associated with the antiparallel b-structural conformation, [22, 23] shifted to lower wavenumbers (1 620 cm À1 , amide I; and 1 514 cm
, amide II), mainly in the films spectra (Figure 4a) . . Figure 2 . SEM micrographs of as-prepared SF and SFGE nanofibers: (A1) SF nanofibers, and (A2) the corresponding histogram of the fiber-diameter distribution; (B1) nanofiber SFGE2, and (B2) the corresponding histogram of the fiber-diameter distribution; (C1) nanofiber SFGE15 and, (C2) the corresponding histogram of the fiber-diameter distribution; (D1) nanofiber SFGE24 and, (D2) the corresponding histogram of the fiber-diameter distribution. The insets are high-magnification SEM micrographs. These peaks in the SFGE samples suggest the presence of a b-sheet structure (silk II structure). Furthermore, some characteristic bands of genipin at 1 443 (-CH 3 , CH 2 ), 1 150 (-COH) and 1 105 (-COH) cm À1 (Figure 4 , inset) [24] appeared displaced in the spectra (Figure 4 ). These displacements could be attributed to modification of SF molecules due to the reaction with genipin. When modified SF solutions undergo electrospinning, further conformational changes may occur, with a further transition of random coils to a more-stable, antiparallel b-sheet conformation throughout intermediate forms such as b-turns and b-bends. To confirm this change, ATR-FTIR spectra of SF nanofibers were examined more carefully in the amide I region
(1 700-1 650 cm
) -see Figure 5 . The amide I spectral region was resolved into three or four main components for each sample, assuming a Gaussian behavior for each individual process. The curve-fitting results ( Figure 5 and [22, 23] The addition of genipin and/or the electrospinning process promoted particular conformational changes in the silk-fibroin secondary structure of each sample. In particular, in the SFGE15 sample, the frequency of the peaks (92.4%) Secondary structure attributed to amide I band frequencies. [22] 8 ascribed to the b-sheet structure, as well as turns and bends structures (7.6%), revealed a more-stable structure compared to others samples (Table 2) . Additionally, the presence of a small percentage of random coils was observed, mainly in the SFGE2 (23.3%) and SFGE24 (17.3%) samples. The higher percentage of b-sheets found in the modified SF nanofibers supports the hypothesis that SF molecules were structurally rearranged by addition of genipin, as well as by the processing effect. The findings also suggested that the SFGE15 system represents the optimal condition for the formation of SFGE nanofibers, in terms of structure and water stability.
Conclusion
Nanometric nets were successfully obtained by electrospinning regenerated silk fibroin-genipin (SFGE) solutions. The resulting SFGE nanofibers had a fiber diameter from 140 to 590 nm and were generally thinner than nonmodified SF nanofibers. SFGE15 nanofibers maintained their integrity in water even after 8 d of aging. The evaluation of the secondary structure of SFGE nanofibers revealed the presence of both b-turn intermediates and a b-sheet conformation, induced by the reaction of silk fibroin with genipin. This result was more evident in the fibers produced from the SFGE15 and SFGE24 solutions. The water stability and structure of the investigated SFGE nanofibers makes the process suitable for the fabrication of fibroin nets that do not need any stabilization treatment after spinning, and that could be used in a variety of biomedical applications, such as wound dressings or, with appropriate modifications, for tissue engineering.
